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 ABSTRACT 
1. ABSTRACT 
In recent years, Organic-Inorganic Hybrid Nanoparticles (OIHNs) have caught the 
attention of both academia and industry since well-established classes of materials, such as 
metals, polymers, and ceramics, are limited in their properties. These traditional materials 
cannot satisfy the requirements needed for many novel applications, such as sensors, biohybrid 
materials, and photonic devices. OIHNs, on the other hand, have properties unique to inorganic 
nanoparticles, such as chemical resistivity, as well as the easy processability of organic 
materials. For example, OIHNs created in our group by integrating organic ligands with high 
extreme ultraviolet (EUV) radiation absorption, together with low-absorption metal-oxide 
nanoparticles, such as ZrO2- and HfO2-, may be useful as a future material for EUV lithography. 
Chapter 1 focuses on the synthesis of hairy nanoparticles (HNPs). Specifically, silica-
poly(methyl methacrylate) (SiO2-PMMA) nanoparticles were synthesized using an Activator 
Regenerated by Electron Transfer - Atomic Transfer Radical Polymerization (ARGET-ATRP) 
in mini-emulsion. In this chapter, the influence of reaction parameters such as MMA 
concentration and MMA feeding rate, as well as the roles of acetone and tetra-n-
butylammonium bromide (TBAB) on the brush canopy size, graft density, Mn of the grafted 
polymer chains, and reaction kinetics, were investigated. In the future, the resulting, well-
defined HNPs may serve as important building blocks in the creation of functional superlattices 
by tailoring polymer entanglement and interactions between HNPs. 
Chapter 2 highlights a specific application of OIHNs. The surfaces of zinc oxide 
nanoparticles were modified with photosensitive ligands for the purpose of three-dimensional 
(3D) printing. These zinc oxide nanoparticles were used as nano-building blocks to enable the 
fabrication of complex, arbitrary 3D geometries at room temperature using Digital Light 
Processing (DLP) stereolithography, with a resolution approaching 50 μm. Moreover, the 
electronic properties of the 3D metal oxide structure remaining after calcination were studied 
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by transmission line measurement. These proof-of-concept results open up a broad opportunity 
space for 3D printing zinc oxide mesostructures in applications such as optoelectronics. 
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4. CHAPTER 1. MINI-EMULSION ARGET-ATRP FOR THE SYNTHESIS OF 
SILICA-POLY(METHYL METHACRAYLATE) HAIRY NANOPARTICLES 
 
4.1. Abstract 
SiO2-PMMA hairy nanoparticles (HNPs) were synthesized using Activator Regenerated 
Electron Transfer – Atom Transfer Radical Polymerization (ARGET-ATRP) in an aqueous 
mini-emulsion. Initially, the surfaces of monodisperse 25 nm diameter silica nanoparticles 
were modified with a hydrophobic ATRP initiator. These modified, hydrophobic nanoparticles 
were then dispersed as micelles in the aqueous phase using Pluronic F-127 surfactant. Tetra-n-
butylammonium bromide (TBAB) was used as a phase transfer agent to shuttle both the 
monomer and ATRP catalyst-complex into the micelles to localize the polymerization of 
PMMA on the particle surfaces. This synthetic route allows the canopy size, graft density, and 
molar mass of the grafted polymer chains to be controlled by simply changing the monomer 
feeding rate. In the future, the resulting, well-defined HNPs may serve as important building 
blocks in the creation of functional superlattices by tailoring the polymer entanglement and 
interactions between HNPs. 
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4.2. Introduction 
In recent years, Organic-Inorganic Hybrid Nanoparticles (OIHNs) have caught the 
attention of both academia and industry since well-established classes of materials, such as 
metals, polymers, and ceramics, are limited in their properties. HNPs, in particular, are unique 
in their capacity to interact with neighboring HNPs via brush entanglement and interactions, 
enhancing their thermal, mechanical and electrical properties in comparison to their single-
component counterparts.1 HNPs can be used for the preparation of desired architectures in 
applications such as sensors, biohybrid materials, and photonic devices.2-3 Nevertheless, 
several challenges still remain, limiting the straightforward synthesis of HNPs at large, gram 
scales. Challenges include a complex purification procedure, in addition to the control of 
particle size, brush molecular weight, graft density, and particle aggregation. 
Atomic Transfer Radical Polymerization (ATRP) is one of the most common and versatile 
methods for creating well-defined polymeric structures.4-5 For example, Pyun et al.6 
synthesized PMMA- and PS-grafted silica HNPs using ATRP with nanoparticles dispersed in 
methyl isobutyl ketone. However, the use of organic solvents and large quantities of metal 
catalyst in traditional ATRP makes the purification procedure elaborate. To reduce the amount 
of copper catalyst used in the reaction, Matyjaszewski et al.7 introduced the ARGET-ATRP 
method by adding reducing agents to regenerate Cu(I) from Cu(II) during the reaction. Further, 
Matyjaszewski et al.8 demonstrated the synthesis of PS with a low Đ=1.17 using parts-per-
million concentrations of copper catalyst in environmentally friendly media (e.g., water). 
The use of water-based polymerization would be beneficial for the direct, green synthesis 
of HNPs.9 Previous efforts have been made to use ARGET-ATRP in emulsion as a scalable 
method for the synthesis of HNPs.10 One benefit of carrying out ATRP in emulsion is that the 
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polymer chain-end functionalities are preserved, which simplifies chain extension and particle 
surface modification. For instance, Min et al.11 created a two-step, one-pot synthesis in 
emulsion for polymer-core HNPs. First, uniform nanogels consisting of MMA and ethylene 
glycol dimethacrylate were synthesized by ATRP in aqueous emulsion. Then, a second 
monomer, n-butyl acrylate, was grafted from initiating sites on the nanogel surfaces to form 
HNPs with well-controlled graft density and size. Similarly, Goel et al.12 synthesized HNPs 
with silica cores by grafting poly(n-butyl acrylate)-b-PMMA block copolymers using mini-
emulsion ARGET-ATRP in diphenylethylene. These HNPs possessed high graft density and a 
uniform particle size of around 15 nm. Notably, this work provides a feasible method for 
carrying out HNP production at industrial scale, in particular by reducing metal catalyst waste, 
giving more control over the polymer molecular weight, and yielding higher conversions than 
traditional ATRP. Nevertheless, none of these methods provide a straightforward method for 
the aqueous synthesis of HNPs with a metal-oxide core, which is the aim of this work. 
Herein, we report the application of mini-emulsion ARGET-ATRP to generate well-
defined SiO2-PMMA HNPs. The monodisperse silica nanoparticles of 25 nm diameter were 
surface-modified with a hydrophobic ATRP initiator, suspended in surfactant-stabilized 
micelles in the aqueous phase, then grafted with PMMA. This work demonstrates that the brush 
canopy size, graft density, and chain molecular weight can be controlled by changing the MMA 
feeding rate. This method enables a straightforward synthesis for HNPs in aqueous solution, 
which has the potential to be applied to large-scale HNP production. 
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4.3. Methods 
4.3.1. Materials 
Copper (II) bromide (99%, extra pure, anhydrous), MMA (stabilized), L (+)-ascorbic 
acid, tetrabutylammonium bromide (99%), aluminum oxide (basic), and 
dimethylethoxysilane (94 wt%) were purchased from Acros Organics and used as received. 
Triethylamine, 2-bromoisobutyryl bromide (BIBB), Karstedt’s catalyst in water, Pluronic F-
127, 28% NH3, and Ludox TM-40 particles were purchased from Sigma-Aldrich and used as 
received. Tris(2- pyridyl methyl) amine (TPMA, 98 wt%), was purchased from TCI. 
Ammonium hydroxide (28 wt%), hydrochloric acid (36.5-38.0 wt%), Dowex 50W X8 100-
200 mesh, Dowex 1X8-200 mesh ion-exchange resin, and 10k MW cut-off 35 mm Snakeskin 
dialysis tubing were purchased from Fisher Chemical. The deionized water used in all 
experiment was obtained from a MilliporeSigma Milli-Q IQ 7000 Ultrapure Water System 
with a resistance of 18.2 MW. 
 
4.3.2. Synthesis of 11-(ethoxydimethylsilyl)undecyl 2-bromo-2-methylpropanoate  
The synthesis of the hydrophobic ATRP initiator, 11-(ethoxydimethylsilyl)undecyl 2-
bromo-2-methylpropanoate (EDMP), was carried out in two steps (Scheme S1). Step 1 
(bromination): 10-undecen-1-ol (4.257 g, 25 mmol) and pyridine (2.1 mL, 26 mmol) were 
dissolved in 30 mL of anhydrous tetrahydrofuran (THF) in a 100 mL round-bottom flask. 2-
bromoisobutyryl bromide (BIBB) (5.760 g, 24 mmol, in 10 mL THF) was added dropwise over 
2 hours, stirring the reaction at 0 ̊C in an ice bath. After 2 hours the ice bath was removed and 
the solution was subsequently stirred for 24 hours at 25 ̊C. Afterwards, the precipitate was 
filtered off and THF was removed under reduced pressure to obtain a yellow oil. The crude 
product was washed twice with dichloromethane (DCM) and saturated Na2CO3. DCM was 
removed under reduced pressure, then the crude product was dried using NaSO4 and purified 
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using column chromatography with DCM solvent to obtain a pale-yellow oil (95% yield). Step 
2 (hydrosilylation): Karstedt’s catalyst (6 μL, 11μmol) and dimethylethoxysilane (8.9 g, 85.4 
mmol) were added to the product from step 1 (1.28 g, 4 mmol). The mixture was stirred 
overnight at room temperature under a nitrogen atmosphere. After removing the excess 
dimethylethoxysilane under reduced pressure, EDMP was stored at 20 ̊C. The synthesized 
ATRP initiator (EDMP) was characterized by 1H NMR (Supporting Information, Figure S1). 
Peaks appeared at d= 0.21 (Si-CH3); 0.61 (-CH2 -CH2 -Si-); 1.21(-CH2-CH3); 1.23-1.60 
(polymer backbone, -CH2 -); 2.02 (-C(CH3)2Br ); 3.83, 4.13 (-O-CH2 -CH2 -) ppm. 
 
4.3.3. Pre-treatment of Ludox-TM40 particles 
In the first step of the purification procedure, each of Dowex 50W X8 and Dowex 1X8 (both 
50 g) were transferred to separate 600 mL beakers. The resins were washed with 3N NaOH, 
hot water, methanol, and cold water. After each individual wash, the resins were collected by 
filtration and washed again with the subsequent solvent. This washing cycle was repeated 5 
times for both resins. After the last wash cycle of Dowex 50W X8, the resin was converted to 
the hydrogen form by a final washing step using an excess amount of a 3N HCl solution. 
Likewise, Dowex 1X8 was converted to the hydroxy form with a 3N NaOH solution, whereas 
this step was performed shortly before use. 
In the second step of purification, the Ludox TM-40 dispersion (100 mL) was diluted with 
100 mL of MilliQ water, stirred, and added to Dowex 50W X8 resin in a beaker and agitated 
overnight. Ludox TM-40 particles were then collected via filtration and added to Dowex 1X8 
resin in a beaker and stirred overnight. The particles were then collected via filtration, with 
large aggregates centrifuged down at 3000 rpm, then dialyzed against ethanol for 1 week. 
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4.3.4. Preparation of EDMP-functionalized Ludox TM-40 nanoparticles 
The pre-treated Ludox particles were dispersed in ethanol (1 g, 50 mL) and added to a 
200 mL round-bottom flask. Afterward, a pH of 10 was obtained by the addition of 28% NH3 
solution. EDMP (0.860 g, 0.002 mol) was then slowly added to the dispersion and refluxed for 
24 hours at 85˚C. Finally, the particles were purified by dialysis against ethanol for one week, 
freeze-dried, and stored at 4 ˚C with minimized humidity. The amount of grafted EDMP was 
determined by TGA, see (Supporting Information, Figure S4). 
 
4.3.5. Synthesis of silica-poly(methyl methacrylate) hairy nanoparticles 
SiO2-EDMP nanoparticles (200 mg) were mixed with 10 mL of a Pluronic F-127 
(0.04 g/mL) solution in a 20 mL scintillation vial and vortexed and sonicated until a milky 
white suspension was formed. In parallel, TBAB (1.934g, 6 mmol), CuBr2 (1 mg, 4.48 μmol), 
Tris(2-pyridylmethyl) amine (TPMA) (12.2 mg, 42 μmol), and water (43.2 mL) were added in 
a 50 mL round-bottom reaction flask with a stirring bar. The particle suspension was added to 
the 100 mL reaction flask and degassed for 20 minutes by bubbling with argon. MMA (7.5-
14.1 mmol/h) and an aqueous solution of ascorbic acid (2.27 mM, 3.6 mL, 1.4 μmol/h) were 
added to the reaction flask simultaneously over the course of 6 hours using two syringe pumps, 
(see Supporting Information, Scheme S2). In cases where the syringe pump was not precise 
enough to add the exact amount of MMA desired during the reaction, the pumping rate was 
adjusted so that all monomer would be added a short time before the reaction was terminated. 
After 6 hours, at which point the addition of both MMA and ascorbic acid was complete, the 
polymerization was terminated by opening the reaction to air. The hairy nanoparticles were 
separated by centrifuging at 4400 rpm for 20 minutes, washed twice with THF and MilliQ 
water, and dried in a vacuum oven at 80 ̊C; see Scheme 1b. 
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4.3.6. Instruments 
Fourier-transform infrared spectroscopy (FT-IR) measurements were performed on a 
Vertex V80V vacuum FT-IR instrument; Bruker, Billerica, MA, USA. Samples analyzed with 
FT-IR were first ground into a fine powder. Spectra were acquired at 2 cm−1 resolution in the 
range of 4000 to 400 cm−1 with an integrating time of 1 min for each sample. 
Thermogravimetric analysis (TGA) measurements were performed on a TA Instruments Inc. 
TGA Q500, heating the samples from 20°C to 600°C with a heating rate of 10°C /min under a 
nitrogen atmosphere. The mass of the samples for each measurement was in the range of 8–10 
mg. 
The molar mass and polydispersity (Ð) of the grafted polymer chains were obtained after 
HF etching by using a Waters ambient temperature THF-GPC. A Waters 410 differential 
refractive index detector and a Waters 486 106 UV/Vis detector were applied in parallel. The 
three GPC columns used are PSS (Polymer Standards Service) SDV models with 8 mm x 300 
mm dimensions, with porosities of 50 angstroms, 500 angstroms, and Linear M. Elugrams were 
obtained at 35°C using a THF flow rate of 1 mL/min and were calibrated with narrow 
polystyrene standards. The molar mass and the polydispersity Ð were analyzed using Breeze 
software. 1H Nuclear Magnetic Resonance (NMR) spectra were measured using a Varian 
INOVA-500 NMR Spectrometer in CDCl3 at 20°C with a 1H/BB nanoprobe, and the data was 
recorded using VNMR 6.1C software. X-ray diffraction (XRD) measurements of the HNPs 
were carried out on Bruker-D8 Advance ECO powder diffractometer. Diffraction was 
measured using Cu K-α radiation with a wavelength of approximately λ= 1.54 Å and photon 
energy of E= 8.04 keV. The source of the 40 kV x 25 mA X-rays was a water-cooled fixed Cu 
target excited by an electron gun. Transmission electron microscope (TEM) images were 
collected by FEI F20 TEM STEM with a Thermo-Fisher GF20 scope, monochromated and 
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operated at 200 kV. The images were acquired in High Angular Annular Darkfield (HAADF) 
mode TEM. 
 
4.4. Results and Discussion 
The synthesis of HNPs was carried out in two steps. In the first step, Ludox TM-40 
particles with a diameter of 25 nm were functionalized with the hydrophobic ATRP initiator, 
EDMP, as shown in Scheme 1(a). Subsequently, SiO2-PMMA HNPs were synthesized via 
mini-emulsion ARGET-ATRP on the silica particle surfaces by adding MMA and ascorbic 
acid to a Pluronic F-127 surfactant-stabilized micellar emulsion over a period of 6 hours 
(Scheme 1(b)). TBAB acted as a shuttle to transport MMA through the aqueous phase to the 
surfactant-covered silica nanoparticle surfaces. With this method, the graft density, molar mass 
of grafted chains, and the corona diameter were tuned by changing the MMA feeding rate and 
the total MMA amount; see Table 1, Entries 1-4. 
 
 
Scheme 1. (a) Preparation of EDMP-functionalized SiO2-nanoparticles. (b) Synthesis of SiO2-
PMMA HNPs using mini-emulsion ARGET-ATRP. 
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Table 1. SiO2-PMMA HNPs synthesized using mini-emulsion ARGET-ATRP.  
Entry 
[MMA] 
(mol/L) 
MMA Feeding 
Rate (mmol/h) 
Polymer 
Content 
(wt%) 
Graft Density 
(𝜇mol/m2) Mn  
Canopy 
Thickness 
(nm)a 
1 0.67 7.5 21 0.018 86400 2.5 ± 0.3 
2 1.00 10.3 25 0.019 106200 7.0 ± 1.0 
3 1.17 12.2 32 0.028 105800 11.0 ± 1.6 
4 1.34 14.1 61 0.039 276300 - 
5b 0.67 - 32 0.014 214300 - 
6b,c, 0.67 - 50 0.021 328700 - 
7b,c,d 0.67 - 53 0.048 158600 - 
a The diameters of SiO2-PMMA HNPs were determined by averaging the diameters of 10 
particles measured by TEM and analyzed with ImageJ. b All MMA was added at the beginning 
of the reaction. c With acetone (20 vol%). d Without TBAB.  
 
Following synthesis, the SiO2-PMMA HNP samples were characterized by FT-IR and 
XRD measurements (Supporting Information, Figure S2, S3). The FT-IR spectra of the sample 
described in Table 1, Entry 5 shows bands at ν= 1730 cm-1 (w, -C=O) and 2997-2952 cm-1 (w,-
CH2-CH3-), characteristic of PMMA, as well as a band at ν= 1100 cm-1 (s, -Si-O-Si-) from the 
silica nanoparticles, indicating a successful polymerization of PMMA on the particle surface. 
In addition, X-ray diffraction measurements (2θ= 10-70 ̊) confirmed the existence of PMMA 
on the silica nanoparticles, due to the observed peak at 2θ= 22.4 ̊ from SiO2 nanoparticles and 
a PMMA peak at 2θ= 24.5 ̊, see Figure S3. The graft density and the molar mass of the grafted 
PMMA chains were determined (Supporting Information, Equation S1) by performing TGA 
measurements (Figure 1(a)) of the HNP samples, in addition to GPC measurements after HF 
etching of the SiO2 cores. 
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A series of 6-hour experiments was performed by varying the MMA feeding rate, leading 
to total added MMA concentrations ranging from c= 0.67 mol/L to c= 1.34 mol/L (Table 1, 
Entries 1-4). Increasing the amount of MMA added over a period of 6 hours led to an increase 
in the graft density and molar mass of the grafted PMMA chains, as seen in Figure 1(b).  
 
Figure 1. (a) TGA measurements of the HNP samples described in Table 1, Entries 1-7. The 
polymer content (wt%) was calculated from the weight change between 30 ̊C and 600 ̊C. (b) 
The dependence of PMMA graft density and molar mass on the monomer concentration (Table 
1, Entries 1-4). 
 
With an MMA concentration of c= 0.67 ml/L, a polymer content of 21 wt% and a molar 
mass of Mn= 86400 were obtained, from which a graft density of 0.018 𝜇mol/m2 was calculated 
(Table 1, Entry 1). For the increased monomer concentration of c= 1.00 mol/L, a polymer 
content of 25 wt%, molar mass of Mn= 106200, and graft density of 0.019 𝜇mol/m2 were 
achieved. Finally, when the monomer concentration reached its highest value at c= 1.34 mol/L, 
the polymer content increased to 61 wt% with a molar mass of Mn= 276300 and a graft density 
of 0.039 𝜇mol/m2 (Table 1, Entries 2-4). 
The samples from Entries 1 and 5 in Table 1 shared the same final concentration of added 
MMA. While monomer was added continuously for Entry 1, all MMA was present at the 
beginning of the Entry 5 reaction. As a result, the Entry 5 HNPs possessed higher polymer 
content and molar mass than those of Entry 1. However, the final reaction mixture in Entry 5 
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contained ungrafted PMMA at an undesirable 20 wt% of the total added monomer, compared 
to the preferred 0 wt% measured for Entry 1, as measured by precipitating ungrafted polymer 
in methanol. The presence of high amounts of ungrafted polymer may lead to reaction 
delocalization and subsequent aggregation, as discussed later. One possible explanation is that 
ungrafted PMMA forms when polymer chains and initiators are cleaved from the particle 
surfaces. If an ungrafted polymer chain or initiator is surrounded by excess monomer, it may 
undergo polymerization separate from the particle surface. Controlled monomer feeding, as in 
Entry 1, may limit this phenomenon. Table S1 in the Supporting Information contains data for 
the amount of ungrafted PMMA measured for each of the reactions. 
Ugelstad et al.13 developed seeded emulsion polymerizations using water-soluble solvents 
including acetone. The use of two solvents increased the entropy of particle mixtures, which in 
turn facilitated the swelling of micelles with monomer. Motivated by Ugelstad et al.’s work, 
Cordero et al.14 introduced acetone in mini-emulsion ARGET-ATRP of PMMA to both 
increase the solubility of monomer in the aqueous phase and assist in the diffusion of monomer 
to the micellar oil phase, thereby localizing polymerization in the micelles. Cordero et al. 
additionally used TBAB as a phase transfer agent to help to shuttle monomer into the micelles, 
due to the finite solubility of TBAB in both phases. 
In the present work, the roles of TBAB and acetone, both presumed to support the transport 
of monomer into the micelles, were investigated with a constant MMA concentration of 
c= 0.67 mol/L (Table 1, Entries 5-7). For these experiments, all monomer was added to the 
reaction flask immediately, rather than using a syringe pump, to replicate the conditions of 
earlier experiments.14 The reaction in Entry 5 was conducted with TBAB and without acetone, 
similar to Entries 1-4. To understand the impact of acetone, Entry 6 was conducted with both 
TBAB and acetone. The HNPs described in Entry 6 show higher polymer content (50 wt%), 
higher graft density (0.021 𝜇mol/m2), and higher molar mass (Mn= 328700) than those in Entry 
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5. However, the amount of ungrafted PMMA created in this reaction was 40 wt% of the total 
monomer, about twice the 20 wt% ungrafted PMMA seen in Entry 5. A possible explanation 
of this observation could be that acetone not only assisted in the diffusion of MMA into the 
micelles but also increased the transfer of MMA and short polymer chains out of the micelles, 
leading to the detection of ungrafted PMMA. The experiment in Table 1, Entry 7 was 
performed with acetone but without TBAB. The HNPs in Entry 7 show a polymer content of 
53 wt%, as well as an ungrafted PMMA content of 36 wt% of the total monomer. These results 
are similar to those of Entry 6, which included both acetone and TBAB, though the molar mass 
Mn= 158600 is half that of Entry 6, and graft density 0.048 𝜇mol/m2 is twice that of Entry 6. A 
possible explanation for this discrepancy is that the TBAB-assisted transfer of monomer into 
micelles results in the increase of initial MMA concentration. In turn, this would lead to a 
higher initial number of growing chains on the surface and thus a higher graft density. 
The diameters and the core/corona ratios of the SiO2-PMMA HNPs were determined by 
darkfield TEM measurements. The TEM images of the SiO2-PMMA HNPs described in Table 
1, Entries 1-4 are shown in Figure 2. As shown in Figure 2, the SiO2-PMMA HNPs exhibit a 
spherical core-shell morphology with varying PMMA corona thickness. The ungrafted Ludox 
TM-40 cores were measured by TEM to have an average diameter of 25 nm. The corona 
thickness of each sample was calculated by subtracting the ungrafted core radius from the 
average radius of the HNPs, as measured by TEM. As might be expected, increasing MMA 
concentrations led to larger PMMA coronas until the onset of aggregation at an MMA 
concentration of c= 1.34 mol/L. For the samples described in Table 1, Entries 1-3, we 
calculated corona thicknesses of 2.5 ± 0.3 nm, 7.5 ± 1.0 nm, and 11.0 ± 1.6 nm (Figure 2(a-c; 
e-g)), respectively. As seen in Figure 2(d, h), TEM images of the Entry 4 sample showed large 
aggregates of particles embedded in PMMA reaching sizes of 200-300 nm, and thus the corona 
thickness could not be calculated. The aggregation in Entry 4 might be explained by the 
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presence of ungrafted PMMA at 16 wt% of the total added monomer, while no ungrafted 
polymer was observed for Entries 1-3. These observations demonstrate that the corona 
thickness can be tuned by varying the MMA concentration, although, for high enough MMA 
concentrations, excess ungrafted polymer can lead to HNP aggregation.
 
Figure 2. TEM images of the SiO2-PMMA HNPs obtained via mini-emulsion ARGET-ATRP 
with varying polymer content (Table 1, Entries 1-4). (a, e). Entry 1, (b, f). Entry 2, (c, g). Entry 
3, (d, h). Entry 4. 
 
In order to qualitatively understand the time-dependence of the polymer grafting process, 
a study of reaction kinetics was performed by regularly extracting samples from a reaction 
using the same conditions described for Table 1, Entry 1. The results of this experiment are 
shown in Figure 3. The molar mass and polymer weight content of the HNPs increase for 
approximately 2 hours, then become constant at approximate values of Mn= 78000 and 21 wt%, 
respectively. As a result, the polymer graft density calculated according to Pasetto et al.15 
reaches a value of 0.021 𝜇mol/m2 at 2 hours, and remains constant around 0.02 𝜇mol/m2 for 
the remainder of the reaction. It follows that future SiO2-PMMA HNP synthesis times may 
likely be reduced to around 2 hours, instead of 6 hours, without significantly impacting the 
final graft density. 
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Figure 3. Polymerization kinetics for the grafting of PMMA from silica nanoparticles in 
mini-emulsion ARGET-ATRP. [MMA]= 0.67 mol/L; MAA feeding rate= 7.5 mmol/h at 
80 °C. The curves are drawn as a guide to the eye. 
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4.5. Conclusion 
PMMA-SiO2 HNPs were prepared using ARGET-ATRP in mini-emulsion. In the first 
step, silica nanoparticles with a diameter of 25 nm were functionalized with hydrophobic 
ATRP initiators (EDMP) and PMMA was polymerized to the particle surface. Simultaneous 
addition of ascorbic acid and MMA allowed better control over the location of polymerization 
and thus the reduction of un-grafted PMMA polymer chains. Moreover, the roles of TBAB and 
acetone, both presumed to support the transport of monomer into the micelles, were 
investigated. It has been noted that the addition of acetone leads to the increased formation of 
ungrafted polymer, whereas the addition of TBAB-assisted the transport of MMA into the 
micelles. Furthermore, a qualitative reaction kinetics was carried out, which revealed that the 
graft density of 0.021 𝜇mol/m2 remains constant after 2 hours. Overall, the graft density has 
been successfully varied in a range from 0.018 𝜇mol/m2 up to 0.039 𝜇mol/m2 with corona 
thicknesses of 2.5 nm to 11 nm. This enables a straightforward, aqueous synthesis for HNPs, 
which has the potential to be applied to large-scale HNP production. 
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4.7. Supporting Information 
The grafting density GP is calculated according to Pasetto et al.15 using 
 
where W%initiator is the % weight loss of the initiator-functionalized silica cores prior to 
polymerization during TGA between 30°C and 600°C, W%polymer+initiator is the % weight loss of 
the HNPs during TGA between 30°C and 600°C, Mn is the molar weight of grafted polymer 
chains in g/mol, and Ssp is the specific surface area of the Ludox TM-40 nanoparticles in m2/g. 
According to Sigma Aldrich, Ssp for the nanoparticles used is approximately 140 m2/g. 
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Table S1. Ungrafted PMMA for different reaction conditions in mini-emulsion ARGET-
ATRP, calculated as weight % of the total mass of monomer added. 
Entry 
[MMA] 
(mol/L) 
MMA Feeding Rate 
(mmol/h) 
Ungrafted 
PMMA 
(wt%) 
1 0.67 7.5 0 
2 1.00 10.3 0 
3 1.17 12.2 0 
4 1.34 14.1 16 
5a 0.67 - 20 
6a, b 0.67 - 40 
7a, b, c 0.67 - 36 
a All MMA was added at the beginning of the reaction. b With acetone (20 vol%). c Without 
TBAB. 
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Step 1 (Bromination) 
 
Step 2 (Hydrosilylation) 
 
Scheme S1. Two-step synthesis of 11-(ethoxydimethylsilyl) undecyl 2-bromo-2-
methylpropanoate (EDMP) ATRP initiator. 
 
 
 
 
Scheme S2. Synthesis of SiO2-PMMA HNPs using mini-emulsion ARGET-ATRP. MMA was 
added with feeding rates that varied from 7.5 mmol/h to 14.1 mmol/h, and ascorbic acid was 
added at a constant rate of 1.4 μmol/h. Prior to this step, Ludox TM-40 silica particles (d= 
25nm) were functionalized with the hydrophobic ATRP initiator, EDMP. 
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Figure S1. The NMR spectrum of EDMP, the ATRP initiator. The sample was prepared in a 
CDCl3 solution and the measurement was acquired at 500 MHz. Peaks appear at d= 0.21 (Si-
CH3); 0.61 (-CH2 -CH2 -Si-); 1.21(-CH2-CH3); 1.23-1.60 (polymer backbone, -CH2 -); 2.02 (-
C(CH3)2Br ); 3.83, 4.13 (-O-CH2 -CH2 -) ppm. 
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Figure S2. FT-IR spectra of the nanoparticles. HNPs described in Table 1, Entry 5: ν= 1730 
(w, -C=O, PMMA), ν= 2997-2952 (w,-CH2-CH3-, PMMA), and ν= 1100 cm-1 (s, -Si-O-Si-). 
SiO2-EDMP nanoparticles: ν= 1100 cm-1 (s, -Si-O-Si-) cm-1. 
 
 
 
 
Figure S3. XRD of the initiator-functionalized silica cores, as well as the HNPs described in 
Table 1, Entry 5. SiO2-EDMP HNPs: 2θ = 22.4 ̊ (s, SiO2); 2θ = 43.2 ̊ (w, PMMA). Ungrafted 
SiO2-EDMP nanoparticles: 2θ = 22.4 ̊ (s, SiO2). 
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Figure S4. TGA measurement of the ungrafted SiO2-EDMP nanoparticles. The initiator 
content W%initiator (wt%) was calculated from the weight change between 30 ̊C and 600 ̊C. 
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5. CHAPTER 2. THREE DIMENSIONAL PRINTING OF ZINC-OXIDE 
NANOSTRUCTURES FOR MULTIFUNCTIONAL APPLICATIONS 
 
5.1. Abstract 
Three-dimensional (3D) printing has gained increasing interest and is now being applied 
to broader fields; however, the materials of choice are still mostly limited to polymers. Herein, 
we report the first 3D-printable Zn oxide nanoparticles (NPs) for digital light processed 3D 
printing that enable the fabrication of arbitrary and complex 3D metal oxide patterns. By 
modifying photosensitive methacrylic acid on ZnO NPs (ZnO-MAA NPs), we demonstrate the 
production of programmable 3D structures purely from nanoscale building blocks. 3D printed 
technique enables processing ZnO 3D structure at room temperature and the XRD result shows 
the structure of 3D printed ZnO NPs is amorphous. We show printing of structures with a 
resolution approaching 50 μm, which is four times higher than current techniques with a height 
variation of only several nanometers. We go on to demonstrate electronic properties of this 
material and show that this process can be applied to 3D print electronically conductive 
pathways, thereby opening up opportunities for a broad range of for 3D printing ZnO 
mesostructures in applications to optoelectronics.  
 
Keywords: 3D optical printing; inorganic-organic hybrid nanoparticles; ligand stripping; 
electronic properties, 
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5.2. Introduction 
Additive manufacturing (i.e., 3D printing) has evolved along an impressive trajectory over 
the last few years.1,2 Whereas 3D printers were initially applied for rapid prototyping (mostly 
from plastics), recent advances have demonstrated the ability to fabricate more complex 
materials and devices including biological tissues,3 batteries,4 and optoelectronic devices.5,6 
Despite this rapid progress, bringing the heralded prospects of 3D printing to full technological 
fruition requires advances in the range of material compositions that can be printed. Metal 
oxides provide a particularly interesting material class for 3D printing by virtue of their diverse 
range of applications spanning biomedical, catalytic and optoelectronic devices.7, 8 
Zinc oxide is a widely studied metal oxide, and is widely used in the semiconductor 
industry due to its photocatalytic and piezoelectric efficiency.9,10 It has a band gap of ca. 3.36 
eV, an excitation energy of 60 meV, and high photosensitivity under extreme ultraviolet light.11 
Additionally, it is inexpensive,12 anti-ultraviolet (UV) properties,13 and environmental 
friendliness.14,15 Nevertheless, metal oxides are not easily machined or cast. Defects created 
during fabrication lead to brittleness, low ductility and cracking16 Additionally, metal oxides 
have very high melting points, which increases the difficulty of processing them by additive 
manufacturing, especially for complicated structures.17  
Prior efforts to 3D print ZnO have focused on extrusion methods. Tubío et al. 18 explored 
using ZnO in 3D printing inks. The ink was formed by dispersing ca. 0.7-μm ZnO particles in 
deionized water and combining them with poly(acrylic acid). ZnO-ABS composite filaments 
for 3D printing were also reported.19 However, low resolution, low printing speed and high 
roughness remain as issues that must be overcome. For example, the extrusion-based additive 
manufacturing method currently limits the resolution to about several hundred micrometers.  
In this report, we demonstrate 3D-printable ZnO building blocks having photoresponsive 
ligands, specifically methacrylic acid (MAA), on the surface of NPs. Programmable 3D 
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structures were precisely constructed from the nano- to macro-scale based on the building units. 
MAA ligands play a critical role in increasing colloidal stability. Photo-radical generator 
stripped off methacrylic acid ligands and result in a solubility change, which forms the pattern. 
Optical and scanning electron microscopy (SEM) images revealed that the printed sample has 
good resolution (ca. 50 μm). Also, 3D printed ZnO film shows lower resistivity and rectifying 
behavior after calcined. This study suggests the possibility of using metal-oxide customized 
3D structures made from NP building blocks in future semiconducting device.  
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5.3. Methods 
5.3.1 Materials 
The ZnO (99%), MAA (99%), C-ZnO NPs dispersion (< 110-nm particle size; 40 wt% in 
butyl acetate), ethylene glycol, ethyl acetate (EA) and dichloromethane (DCM) were purchased 
from Sigma–Aldrich (St. Louis, MO, USA). Silicon wafers were 
purchasedm WRS Materials (San Jose, CA, USA). Diphenyl (2,4,6-trimethylbenzoyl) 
phosphine phosphine oxide (TPO; Sigma) was used as a photoradical generator. All buffers 
and other reagents were of the highest purity grade commercially available. 
 
5.3.2. Synthesis and patterning of ZnO-MAA NPs 
Figure S1 schematically illustrates the reaction of ZnO and MAA. ZnO and MAA were 
slowly added to ethyl acetate with stirring in the dark to produce a milky dispersion. ZnO-NPs 
were prepared using a method similar to that employed to synthesize HfO2- and ZrO2-based 
NPs.20 The dispersion was allowed to continuously stir for 7 days; the color of the solution 
gradually changed from milky white to transparent light yellow as the ZnO-MAA NPs became 
uniformly distributed in the EA solvent. The EA solvent was then removed at 70mmHg; orange 
ZnO-MAA NPs remained. 
Figure S2 demonstrates hypothesized pathway by which the ZnO ink can react in response 
to photoexposure. The mechanism is the ligand stripping at the surface of NPs with photoactive 
compound for photolithography technique.21-24 Photo-radical generated by UV exposure will 
strip off the methacrylic acid ligands and lead to a solubility change, which forms the pattern. 
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5.3.3. Fabrication of 3D printed amorphous ZnO film 
The build-stage for the printed structure was provided by a silicon wafer placed in the 
bottom of the 3D printing reservoir. We prepared a DCM suspension of ZnO-MAA NPs before 
3D fabrication. TPO was used as a photoradical generator for the reaction. The vial was flushed 
with a flow of N2 for 10 mins to remove oxygen. The solution was then loaded into a syringe, 
transferred to the 3D printing reservoir and used to print films of dimensions 2 cm × 2 cm × 
100 μm on a silicon wafer that cured into amorphous ZnO films upon exposure to UV light (3 
mW/m2 for 385-nm wavelength) for 50 s. The silicon wafer was removed from the 3D printing 
reservoir and washed with 30 mL of DCM for 3 s. Repetition of these steps produced 3D 
objects.  
 
5.3.4. Preparation of TEM samples 
A ZnO film specimen was trimmed onto a Cu-coated transmission electron microscopy 
(TEM) grid using a focused ion beam (FIB). Samples were imaged at an accelerating voltage 
of 200 kV. Atomically resolved high-resolution TEM images were used to characterize the 
surface morphologies. 
 
5.3.5. Instruments  
A custom-built digital 3D processing machine equipped with a UV light (385 nm and 3 
mW/cm2) was used to prepare ZnO films at 20°C. The optical properties of films were 
determined by UV-visible (UV-vis) spectroscopy using a Cary 5000 UV-vis near-infrared 
(NIR) spectrophotometer. Fourier transform-infrared (FT-IR) (Vertex V80V vacuum FT-IR; 
Bruker, Billerica, MA, USA) spectroscopy was used to confirm bonding to the ZnO-MAA NPs 
during the microemulsion reaction. Samples for FT-IR analysis were ground into fine powder 
using a mortar and pestle. 
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Dynamic light scattering (DLS) (Zetasizer Nano 90; Malvern, Worcestershire, UK) was 
used to measure the hydrodynamic diameter of NPs dispersed in the solvent. Three 
measurements were recorded for each sample. The atomic force microscopy (AFM) images 
were recorded on an Agilent 550 instrument (Agilent Technologies, Santa Clara, CA, USA) 
with silicon cantilevers and a spring constant of 20−30 N/m. The resonance frequencies ranged 
from 140 to 160 kHz and the scan speed varied from 0.5 to 1.0 line/s. The amorphous ZnO film 
was studied with a Tecnai F20 TEM (FEI, Hillsboro, OR, USA) coupled with energy dispersive 
spectroscopy (EDS) capability at 200 kV. A ZnO film sample for TEM examination was 
prepared using a Ga+ ion source FIB to mill the specimen. To minimize beam damage, a thin 
carbon film was deposited onto the sample surface before FIB milling. Different milling 
conditions were used for rough and final milling. Rough milling was carried out at an operating 
voltage of 30 kV and a beam current of 6.8 nA; final milling was conducted at an operating 
voltage of 5 kV and a lower beam current of 40 pA. Sample morphologies were observed using 
a field-emission scanning electron microscope (Mira3 FE-SEM; TESCAN USA Inc., 
Warrendale, PA, USA) at an accelerating voltage of 2 kV. Thermogravimetric analysis (TGA) 
was performed on a TGA Q500 instrument (TA Instruments Inc.) at a heating rate of 10°C /min 
to 700°C under a nitrogen atmosphere with a sample size of 8–10 mg. 
 
5.3.6. Transmission line measurement   
The experimental setup of transmission line measurement is shown in Figure S3(a). Electrical 
resistivity was measured by laminated copper contacts, a probe station and Source Measure 
Unit (SMU) Instruments (Keithley Series 2400). Copper contacts were deposited on silicon 
wafer by photolithography and electron beam evaporation in ZnO film. The distances between 
the copper contacts were 10, 20 and 30 μm in Figure S3(b). These deposited wafers were 
washed with acetone and ethanol. Then, ZnO films were printed on these wafers. Thermally 
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annealed samples were prepared by air furnace under 700°C (The calcination rate is 10°C/s). 
We used a probe station to apply a voltage between two copper contacts and measured the 
current flow. The values presented are the averages of five measurements.  
 
5.4. Results and Discussion 
5.4.1. Dispersion and characterization of ZnO-MAA NPs 
Photoresponsive ZnO inks were formed by functionalizing the ZnO NP surface with MAA. 
The resulting ZnO-MAA ink can be readily dispersed in polar organic solvents like 
dichloromethane (DCM). ZnO-MAA NPs are highly soluble in DCM solvent. Photosensitive 
ZnO-MAA NPs, induced by a photoradical generator, form an insoluble ZnO-MAA NP film. 
The film consisted of small ZnO particle size enables the formation of smooth ZnO surfaces 
with height differences of only several nanometers. Figure 1(a) schematically illustrates the 
chemical structure of the ZnO-MAA NPs and the 3D printing process. 
To understand how the NPs surface chemistry changes during photo-exposure and 
development we turned to FT-IR spectroscopy. The FT-IR spectra of the MAA and ZnO-MAA 
NPs are presented in Figure S4. The ZnO-MAA NPs displayed a peak at 1,640 cm−1 due to 
C=C bond stretching in the methacrylate group and peaks at 2,870- 2,950 cm−1 corresponding 
to C–H bond stretching.25 Coordination bonding between Zn and the methacrylate group 
(COO–Zn) is evidenced by bands at 1,551 cm−1 (C=O), 1,412 cm−1 (C–O) and 491 cm−1 (Zn–
O–C).26 The peak at 1,720 cm−1 is related to free MAA.27 The shoulders in the spectra represent 
the methacrylate groups in modified-ZnO. Changes in the peaks at 2,800–3,000 cm−1 in Figure 
S4 were attributed to changes in alkane C–H bonds caused by the methacrylate groups in the 
modified ZnO. After photoexposure, we found that the ZnO film peak at 1,640 cm−1 and 690-
950 cm-1 C=C bond stretching slightly decreases, but 2,870- 2,950 cm−1 C–H bond stretching 
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peak increased. These changes are due to ligand stripping, which results in the solubility 
changes after UV exposure. 
An ideal ZnO-MAA NPs ink requires good dispersibility, radical stability and light 
transparency in solvent; otherwise, NPs ink will create many defects during the process or 
become unprintable. We compare several aliphatic and aromatic solvents (Figure S5) and find 
DCM enables the formation of defect-free patterns (Figure S5(a)). We dispersed ZnO-MAA 
NPs in DCM. The solution was still transparent at a concentration of 20 wt%, which indicates 
good dispersibility in DCM. On the other hand, aromatic solvents such as toluene appear to 
diminish the reactivity of free radicals and create a milky sample with many defects (Figure 
S5(b)). Moreover, bad solubility will lead to an unprintable result. Figure S5(c) indicates that 
ZnO-MAA NPs cannot be dispersed in hexane, which become unprintable. 
Surface modified ZnO NPs with MAA ligands improve the dispersibility in organic 
solvent. The particle sizes of the ZnO-MAA NPs, C-ZnO NPs and ZnO powder were measured 
using DLS (Figure 1b). The solution used for the measurements contained 200 mg of NPs and 
10 mL of DCM. Although the C-ZnO NPs did not precipitate after 1 day, the color of the 
solution was milky. This was due to the large size of the C-ZnO NPs and aggregation with a 
particle size distribution of 30–110 nm. Also, the ZnO powder in DCM showed poor dispersion 
ability; after 1 day, most of the ZnO powder had precipitated (Figure 1c). As expected, ZnO 
powder has a large particle size distribution of 900–1,100 nm. On the other hand, the 
measurement results indicated ZnO-MAA NPs are monodispersed in DCM with a particle size 
of ca. 3–5 nm.  
To study the optical properties of ZnO-MAA NPs in DCM, we measured the UV-vis 
spectrum. The UV-vis absorption spectrum of the C-ZnO NPs showed a broad absorption peak 
at ca. 371 nm (dotted line) and it is noteworthy that C-ZnO NPs exhibits high UV light 
absorption. After modification by MAA ligands, the UV-vis absorption spectrum of the ZnO-
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MAA NPs in DCM solvent showed only an absorption peak at 258 nm (solid line) (Figure 
2(a)). The absorption at 258 nm is attributed to the organic ligand (MAA). Figure 2(a) shows 
only an absorption peak at 258 nm for the ZnO-MAA NPs, which is not present in the spectrum 
of the C-ZnO NPs. Meanwhile, there is no absorption at wavelengths longer than 371 nm, 
which indicates high visible light transparency of the ZnO-MAA NPs in DCM. PI has an 
absorption peak at 385nm in Figure S6, which corresponds to the wavelength of DLP.28 
Therefore, high visible light transparency high and UV light absorption of ZnO-MAA NPs 
demonstrates preferable properties for transparent packaging materials, which is similar to the 
ZnO NPs made by Li et al. 29 
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Figure 1. (a) A schematic diagram illustrating the reactions of precursor ZnO-MAA NPs that 
form a ZnO film. The film was built up layer-by-layer to form three-dimensional (3D) objects. 
(b) Particle size distributions as detected by dynamic light scattering of the ZnO powder, C-
ZnO NPs and ZnO-MAA NPs dissolved in DCM. (c) Photographs of the ZnO powder, C-ZnO 
NPs and ZnO-MAA NPs after immersion for 0 and 1 day in dichloromethane (DCM). 
 
5.4.2. Film properties of 3D printed ZnO layer 
A UV projector was used to pattern the ZnO-MAA NPs, which were highly photosensitive 
(Figure S1). The wavelength of our DLP system was ca. 385 nm. The photoradical generator 
stripped off methacrylic acid ligands when exposed to UV light in this range. Then, the selected 
area under UV exposure is patterned.30 Well-dispersed NPs with high photosensitivity are 
needed to deliver layer-by-layer deposition in 3D optical printing. Figure 2(b) shows the cured 
speed for each layer of a ZnO film for various light intensities (1.0–5.0 mW/cm2). The ZnO-
MAA NPs and photoradical generator (10%) in DCM were added to the 3D optical printing 
reservoir. The curing speed for each layer was measured by dividing the height of a single layer 
by the exposure time. The curing speed for each layer increased initially with increasing light 
intensity, but then reached a steady speed after the light intensity reached 3.0 mW/cm2. At 
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steady state, the ZnO-MAA NPs photo-cured at 3.0 mW/cm2 illumination under N2 and O2 was 
about 2.3 μm/s and 3.3 μm/s (cured speed for each layer), respectively, revealing that the photo-
curing rate in N2 was higher than in O2 due to oxygen inhibition. Higher light intensity provided 
faster curing speeds due to a higher number of initiated free radicals.   
Figure S7(a) (b) show an SEM image of each ZnO layer under UV exposure for 40 s under 
nitrogen. At low magnification (Figure S7(a)), the surface of the film appears smooth. At high 
magnification (Figure S7(b)), the ZnO-MAA NPs appear as a homogenous and uniform non-
porous film. The morphology of the film and its homogeneity was studied by AFM. Figure 
S7(c) shows 3D topographies of an amorphous ZnO film imaged in the tapping mode. 
Although the film was not perfectly uniform, the height variation was less than several 
nanometers.  
X-ray diffraction (XRD), TEM, selected area electron diffraction (SAED) patterns and 
energy dispersive X-ray spectroscopy (EDAX) were used to analyze the structure and 
constituents of the ZnO-MAA NPs and the film. The XRD patterns of the ZnO film before and 
after calcination at 700°C are shown in Figure 2(c). The diffraction peaks indicated that the 
initial film was amorphous. Cho et al 31 shows the benefit amorphous ZnO film involves 
enables processing ZnO film in a relatively low temperature, and adapts for determining the 
optical constant for the material in a wide range. The amorphous result is primarily because 
NPs are embedded in the organic matrix. However, (100), (002), (101), (102) and (110) facets 
appeared after calcination at 700°C. This result is similar to that reported by Zhang et al., who 
identified the material as the hexagonal wurtzite form of ZnO.32 Also, Aslan et al. 33 indicates 
(002) peak is the the thermodynamically preferential orientation of zinc oxide. After annealing, 
they reported higher intensity of (002) peak, which is attribute to the decrease in lattice 
parameter in c-axis and lattice deformations. TEM was used to observe the morphology of the 
ZnO films shown in Figure S8 (a). A smooth morphology and no long-range ordering are 
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evident in the cross-sectional images. Furthermore, the SAED pattern (Figure S8 (a)) shows 
that the 3D-printed ZnO film sample was amorphous. Figure S8 (b) shows the EDS results for 
a FIB-trimmed film specimen placed on a Cu grid. The film contained C, O, Zn and Cu (from 
the Cu grid). Additionally, the photo-radical generator was removed during the 3D printing 
process so that the final film was composed of just C, O and Zn. 
The interface compatibility properties of the C-ZnO NPs/MAA (physically blended) and 
the ZnO-MAA NPs for the patterned film formation were determined by observing the surface 
morphology and distribution. Typical SEM-EDS micrographs for the surfaces of the C-ZnO 
NPs film (C-ZnO NPs/MAA physically blended) and ZnO-MAA NPs film are shown in Figure 
S9(a, b). The SEM-EDS micrograph of the C-ZnO NPs film in Figure S9(a) indicates that the 
Zn in the C-ZnO NPs was not uniformly distributed (yellow arrows indicate regions lacking 
elemental Zn). Poor adhesion between the C-ZnO NPs and MAA matrix was observed because 
a large amount of the C-ZnO NPs was not entirely covered by MAA during 
photopolymerization. On the other hand, the SEM-EDS micrograph of ZnO-MAA NPs in 
Figure S9(b) indicates better adhesion of ZnO-MAA NPs with the matrix, and Zn is 
homogeneously dispersed in the ZnO NPs film. Building up films by NPs leads to a more 
uniform distribution of Zn. 
The thermal stability of a ZnO film was assessed by TGA. Figure S10 demonstrates that 
degradation of the ZnO film occurred in two steps. The first step starts at 150°C and is related 
to water or DCM in the sample. The second step spans 385–520°C and is attributed to 
decomposition of the organic fraction. Additionally, Figure S10 shows that the residual char 
from the ZnO film was 38.6% higher than from PMMA at 700°C. The thermal stabilities of 
the ZnO film is much better than PMMA, because the thermal degradation of the organic 
fraction becomes more difficult due to interfacial interactions between ZnO and the MAA 
ligands. 
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Figure 2. (a) Ultraviolet-visible (UV-Vis) absorption spectra for ZnO-MAA NPs, ZNO NPs 
(C-ZnO NPs) (b) Curing speed for each ZnO layer under 385-nm ultraviolet light as a function 
of light intensity (1.0–5.0 mW/cm2) under air and nitrogen atmospheres. (c) X-ray diffraction 
(XRD) patterns of the ZnO film before and after calcination at 700°C.  
 
5.4.3. Optical projection of 3D structures 
Figure 3(a) reveals monolayers of parallel lines, bent corners and a square array with voids 
for structures printed by the digital light processing. Several patterns were designed to assess 
the resolution limit. Identical patterns at different scales were printed by the DLP machine. 
After 3D printing, we used an optical microscope to inspect the images to judge the resolution 
limit. The two-dimensional (2D) optical microscopy image indicates good 2D resolution, 
which can reach 50 μm with straight lines and edges (the theoretical resolution is 10 μm). The 
resolution depends on the interaction of UV light with the NPs and the diffusion of free radicals.   
Figure 3(b) shows SEM images of a honeycomb, a butterfly and the Cornell logo, which were 
all fabricated using an optical projector at 385 nm. Although other 3D manufacturing processes 
can print similar objects, the optical projection method can produce objects having larger areas 
and with more complex structures in a shorter time compared with those techniques that require 
a separate mask fabrication process. 34 
The height variation could be reduced by increasing the distance between the stage and 
the liquid surface. Stage movement was computer-controlled. Projecting different patterns onto 
the liquid surface enables the building of complex 3D items. Figure 3(c) shows several 3D 
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items fabricated by this technique (annotated with X, Y and Z-axis): a hollow cuboid, a pyramid 
and a townhouse, each one several centimeters in size.   
More precise and higher energy techniques are needed to create more complex objects. 
Our projector design limited the penetrating thickness from the top of the liquid space to the 
stage. SLA could be used to print more sophisticated structures and avoid overexposure of non-
exposed areas.  
 
 
 
 
 
Figure 3. (a) Parallel lines, bent corners and a square array with voids. (b) Honeycomb, 
butterfly and Cornell logo microstructures printed by the digital light processing technique. (c) 
Hollow cuboid, pyramidal and townhouse 3D structures manufactured by this technique. 
 
5.4.4. Electrical properties of 3D printed ZnO 
ZnO has been reported to exhibit interesting semiconducting behavior. To demonstrate 
the electrical properties of ZnO film, we did transmission line measurement. The resistivity is 
2.51x104 Ω・m for ZnO film, which is an insulator. This result is similar to the Muchuweni et 
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al., who used spray pyrolysis method to produce ZnO thin film on glass substrate. The 
resistivity of the ZnO thin film they deposited is approximately 6.03 ×103 Ω.m. 35 Also, Xing 
et al. 36 shows that before annealing the Zinc oxide film prepared by magnetron sputtering is 
an insulator with high resistivity. In comparison, the resistivity dropped to to 6.2 ×101 Ω・m 
after calcination, which is close to a ZnO semiconductor.37, 38 This resistivity is lower than 
undoped ZnO film reported by Biswal et al.,39 this can be assigned to the organic fraction of 
the 3D printed film was decomposed. Figure 4(a) indicates that the resistivity decreases after 
calcination at 700°C and XRD result confirms the characterization peaks of hexagonal wurtzite 
ZnO appears after the calcination in Figure S7. Figure 4(b)show the I-V characterization of 3D 
printed ZnO film before and after the calcination. Ohmic behavior was observed before 
calcination with a linear I-V curve (Figure 4 (b)). After calcination, it is worth while to note 
that a raise in current is observed. Figure 4 (b) show the non-ohmic curve depicts the 
semiconducting behavior of the 3D printed ZnO film, which is similar to the I-V curve of ZnO 
nanoparticle film by Gedamu et al 40. As a result, 3D printed ZnO can open possibilities to 
making high resistivity packaging material and semiconducting devices in the near future. 
  
CHAPTER 2   Results and Discussion 
  40 
 
Figure 4. (a) Electrical resistivity, (b) I–V curve characteristics of ZnO film before and after 
calcination at 700°C. 
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5.5. Conclusion 
To the best of our knowledge, this is the first report of ZnO-based NP ink for 3D DLP. 
DLS analysis confirmed that these NPs were monodispersed in DCM with a particle size of ca. 
3–5 nm. They acted as building blocks that were used to construct mesoscale 3D structures, 
which can be more precisely programmed, based on the intermolecular connection with MAA 
ligands. UV light was used to initiate ligand stripping mechanism, which photocured areas 
selected for exposure. The limit of resolution by optical microscopy was 50 μm. The printing 
speed of ZnO reached 3.3 μm/s as the intensity reached 3.0 mW/cm2 under a nitrogen 
atmosphere. AFM topography imaging indicated individual layer roughness of several 
nanometers. SAED and XRD revealed the amorphous structure of the ZnO film. 3D printed 
ZnO film is a high electrical resistivity insulator. After calcination at 700°C, 3D printed ZnO 
film shows lower electrical resistivity and nonlinear I–V properties due to the decomposition 
of organic fraction. Above all, this study offers a prospective way to manufacture 3D printed 
ZnO macrostructures for future development of optoelectronic and semiconductor devices. 
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5.7. Supporting Information 
 
Figure S1. Fabrication of three-dimensional-printed products from photo-cured zinc oxide-
methacrylic acid nanoparticles (ZnO-MAA NPs). 
 
 
 
Figure S2. Possible mechanism for photosensitive ligands on inorganic core of ZnO-MAA 
NPs ink. 
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Figure S3. (a) Experimental setup of transmission line measurement; and (b) Schematic 
junctions of ZnO film for transmission line measurement. 
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Figure S4. Fourier transform-infrared (FT-IR) spectra of methacrylic acid (MAA) zinc oxide-
based nanoparticles (ZnO-MAA NPs) and zinc oxide film (ZnO-film). 
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Figure S5. Comparison of printed ZnO-MAA samples in different solvent (a) DCM (b) 
Toluene, and (c) Hexane. 
 
 
Figure S6. Ultraviolet-visible (UV-Vis) absorption spectra for PI dissolved in DCM solution. 
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Figure S7. (a) Scanning electron microscopy (SEM) image of a layer of ZnO film 
photopolymerized for 40 s under a nitrogen atmosphere. (b) Scanning electron microscopy 
(SEM) image of a layer of ZnO film photopolymerized for 40 s under a nitrogen atmosphere. 
(c) Atomic force microscopy images of ZnO films showing 3D topographies (scale bar: 10 μm 
× 10 μm × 30 nm). 
 
 
Figure S8. (a) Selected area electron diffraction patterns (SAED) ZnO film (focused ion beam 
(FIB) pattern) and transmission electron microscopy (TEM) image of ZnO film; and (b) 
Quantitative energy dispersive spectroscopy (EDS) analysis of a ZnO film. 
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Figure S9 (a) and (b) SEM-energy dispersive spectroscopy analysis of a C-ZnO NPs/MAA 
(physically blended) film and a ZnO-MAA NPs film formed by photopolymerization. 
 
 
 
Figure S10. Thermogravimetric analysis (TGA) curves for PMMA and ZnO film. 
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6. SUMMARY AND OUTLOCK 
This thesis concentrated on two primary topics. First, the use of mini-emulsion ARGET-
ATRP to synthesize well-defined HNPs was described in detail. Second, the 3D printing of 
OIHN building blocks to produce mesoscale electronic structures was developed. 
In Chapter 1, HNPs with tailorable canopy sizes and graft density were synthesized by 
combining mini-emulsion and ARGET-ATRP. The phase transfer agent, TBAB, was found to 
successfully assist in the transfer of monomer from the aqueous phase into micelles without 
the aid of acetone, marking an improvement over previous mini-emulsion ARGET-ATRP 
systems. 
Well-defined HNPs can function as building blocks for 2D arrays and 3D superlattices by 
simultaneously controlling the degree of entanglement and interaction between the 
nanoparticle coronas (Figure 1). In the future, HNP cores can be replaced by different 
inorganic materials with desirable properties, such as high magnetization or UV absorptivity. 
The combination of regular 2D/3D structures and novel core materials will pave the way for a 
number of far-reaching applications, including mid-wave IR (MWIR) optics, Faraday rotators, 
flexible electronics, and bio-sensors. 
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Figure 1. HNPs were prepared with appropriate graft density and specific size. By controlling 
the entanglement and selecting the interaction between particles, 2D arrays and superlattices 
can be formed.  
 
 
In Chapter 2, zinc oxide nanoparticles modified by a methacrylic acid (MAA) ligand in 
the presence of a photoinitiator were used as building blocks to construct complex mesoscale 
structures (Figure 2). 3D structures exhibiting electronic properties and features as small as 50 
μm were fabricated using Digital Light Processing (DLP) with a 254 nm light source. In the 
future, a lower weight composition of organic material in the OIHN system will allow for finer 
metal oxide structures with less shrinkage due to calcination. Since most of the inks available 
today are purely polymer-based, this work expands the materials available to DLP for 
applications such as high resistivity packaging and semiconductor devices. In future work, 
different nanoparticle cores and photosensitive ligands can be investigated to impart  
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useful photovoltaic, thermosensitive, mechanical, and optical properties to products produced 
with DLP. 
 
Figure 2. Zinc oxide nanoparticles modified with photosensitive ligands were used as building 
blocks for scaling-up complex 3D structures. 
